Numerical Modeling of Foundations on Dense Sand














































































EH HLWKHU D QDWXUDO RU DUWLILFLDO SKHQRPHQRQ)RU VWUXFWXUHVZLWK ODUJH IRRWLQJ GLPHQVLRQV WZR
OD\HUV RI VXEVRLO DUH XVXDOO\ LQYROYHG LQ WKH GHWHUPLQDWLRQ RI EHDULQJ FDSDFLW\ RI VRLO $OVR
EXLOGLQJRIKHDY\VWUXFWXUHVRQZHDNVRLOVRIWHQQHHGVDEODQNHWRIJUDQXODUPDWHULDOWRFRYHUWKH
QDWXUDOVRLODQGLQFUHDVHWKHVRLOEHDULQJFDSDFLW\,QIDFWWKHJUDQXODUOD\HUERWKGLVWULEXWHVDQG
DOOHYLDWHV WKH ORDG SUHVVXUH GXH WR WKH LQIUDVWUXFWXUH 3RSXODU ZHLJKWHG DYHUDJH PHWKRG DQG
SURMHFWHGDUHDPHWKRGIDLOWRSUHGLFWDFFXUDWHO\WKHVRLOEHDULQJFDSDFLW\ZKHQWKHXSSHUOD\HULV
GHQVHVDQG




IRRWLQJV RQ GHQVH VDQG ZLWK IULFWLRQ DQJOH ĳ KLJKHU WKDQ  GHJUHHV ZLWK DQG ZLWKRXW
HPEHGPHQW GHSWK LV RYHUHVWLPDWHG E\ ZHLJKWHG DYHUDJH PHWKRG DQG LV XQGHUHVWLPDWHG E\
SURMHFWHG DUHD PHWKRG &RPSDULVRQ ZLWK WKH DYDLODEOH WKHRU\ DQG H[SHULPHQWDO UHVXOW DUH
SUHVHQWHG,W LVRI LQWHUHVW WRUHSRUWKHUHLQWKDW LQ WKHDEVHQFHRIVXUFKDUJHWKHIRRWLQJEHDULQJ





































































































































































































7KH IXQFWLRQ RI IRXQGDWLRQV LV WR WUDQVPLW WKH ORDG IURP WKH VXSHUVWUXFWXUH WR WKH VRLO
)DLOXUH WRGR WKLV UHVXOWV LQFROODSVHRIVXSHUVWUXFWXUHDQG LQHYLWDEO\FDXVHVKHDY\KXPDQDQG
ILQDQFLDOORVVHV)RXQGDWLRQIDLOXUHRIWHQRFFXUVZKHQWKHVRLOEHDULQJFDSDFLW\LVPLVFDOFXODWHG
7KHUHIRUHHVWLPDWLRQRIEHDULQJFDSDFLW\RIIRXQGDWLRQVLVRQHRIWKHPRVWLPSRUWDQWFRQFHUQVLQ





















XSSHU OD\HUV 7KHUHIRUH JHRORJLFDO KLVWRU\ RI WKH VLWHPRVWO\ GLFWDWHV WKH DUUDQJHPHQW RI VRLO
OD\HUV+HQFHVRLOOD\HUVRIWHQGLIIHULQVL]HFKHPLFDOFRPSRXQGVDQGVWUHQJWKSURSHUWLHV
















OD\HUHG VRLO LV DVVXPHG WREHKRPRJHQHRXVPHGLXPZLWK VRLO SURSHUWLHVZKLFK LVREWDLQHGE\
PDNLQJ ZHLJKWHG DYHUDJH RI DOO VRLO OD\HUV SURSHUWLHV $OVR WKH SURMHFWHG DUHD PHWKRG ZDV
SUHVHQWHG7HU]DJKL	3HFN<DPDJXFKL0\VOLYHF	.\VHOD%DJOLRQL&KRZ
	(QGOH\ .UDIW	+HOIULFK.HQQ\	$QGUDZHV LQZKLFKIRRWLQJ ORDGLV


GLVWULEXWHG WKURXJK WKH XSSHU OD\HU XS WR WKH VXUIDFH RI WKH ERWWRP OD\HU$OVR WKH WKHRU\ RI
SXQFKLQJ VKHDU PHWKRG KDV EHHQ SUHVHQWHG WR SUHGLFW WKH EHDULQJ FDSDFLW\ RI OD\HUHG VRLO
0H\HUKRI+DQQD ,Q WKLVPHWKRG WKH IDLOXUHVXUIDFH LVDVVXPHG WREHSXQFKLQJ
FROXPQSXVKHVWKHXSSHUOD\HUXSWRWKHERWWRP,QDGGLWLRQWKHOLPLWDQDO\VLVPHWKRGKDVEHHQ
XVHG E\ PDQ\ VFKRODUV WR VWXG\ WKH EHDULQJ FDSDFLW\ RI OD\HUHG VRLO EDVHG RQ VDWLVI\LQJ
UHTXLUHPHQWV RI FRPSDWLELOLW\ DQG HTXLOLEULXP DFFRUGLQJ WRPHFKDQLFV RI VROLGV )ORUNLHZLF]
0LFKDORZVNL	6KL0HULILHOG6ORDQ	<X6KLDX/\DPLQ	6ORDQ
+XDQJ	4LQ:LWKWKHJURZWKRIWHFKQRORJ\DQGGHYHORSPHQWRIFRPSXWHUVDQHZDUHDRI
VWXG\ ZDV HPHUJHG WKH VR FDOOHG QXPHULFDO DQDO\VLV 1XPHULFDO DQDO\VLV FRQVLVWV RI VHYHUDO
WHFKQLTXHV VXFK DV ILQLWH HOHPHQW PHWKRG )(0 ILQLWH GLIIHUHQFH PHWKRG )'0 ERXQGDU\
HOHPHQW PHWKRG %(0 DQG GLVFUHWH RU GLVWLQFW HOHPHQWPHWKRG '(0 -LQJD	+XGVRQD
 ,Q IDFW QXPHULFDO DQDO\VLV LV D SRZHUIXO PHWKRG WR VLPXODWH FRPSOLFDWHG HQJLQHHULQJ











DGGLWLRQ ORDGVHWWOHPHQW FXUYHV DUH GHYHORSHG WR LOOXVWUDWH KRZ DQ LQFUHDVH RI XSSHU OD\HU
WKLFNQHVV LQFUHDVHV WKH EHDULQJ FDSDFLW\ DQG GHFUHDVHV VRLO VHWWOHPHQW $ SDUDPHWULF VWXG\ LV
FRQGXFWHGWRSUHGLFWWKHHIIHFWVRIXSSHUOD\HUWKLFNQHVVDQGVKHDUVWUHQJWKRIGHQVHVDQGRQWKH















RI OLPLW HTXLOLEULXP PHWKRG OLPLW DQDO\VLV PHWKRG DQG VOLS OLQH PHWKRG $OO WKH DQDO\WLFDO
VROXWLRQV DUH EDVHGRQ VDWLVI\LQJ WKH WZR UHTXLUHPHQWV RI FRPSDWLELOLW\ DQG HTXLOLEULXPHLWKHU
VLPXOWDQHRXVO\RURQO\RQHRIWKHP
7KHQXPHULFDO DQDO\VLV LV WRWDOO\ GLIIHUHQW DSSURDFK DQG LV EDVHGRQ VROYLQJJRYHUQLQJ
SDUWLDO GLIIHUHQWLDO HTXDWLRQV 3'(V E\ XVLQJ QXPHULFDO DSSUR[LPDWLRQV %HFDXVH LW LV DOPRVW
HLWKHU LPSRVVLEOH RU LPSUDFWLFDO WR VROYH SDUWLDO HTXDWLRQV E\ PHDQV RI DQDO\WLFDO VROXWLRQV







3UDQGWO  ZDV DPRQJ WKH SLRQHHUV LQ VWXG\LQJ WKH EHDULQJ FDSDFLW\ RI VRLO E\
LPSOHPHQWDWLRQ RI VOLS OLQHPHWKRG+H FRQVLGHUHG D ULJLGSHUIHFWO\ SODVWLF VHPLLQILQLWH WZR
GLPHQVLRQDOPHGLXPZKLFKLVORDGHGE\DVWULSSXQFK+HDVVXPHGVRLOPDWHULDOLVKRPRJHQHRXV




















7KH WKHRU\ RI EHDULQJ FDSDFLW\ ZDV H[WHQGHG IRU QRQKRPRJHQHRXV VRLO SULPDU\ E\
7HU]DJKL	3HFN  7KH\ DVVXPHG WKDW IRRWLQJ ORDG GLVWULEXWHV WR WKH ODUJHU DUHD RQ WKH
VXUIDFHRIERWWRPOD\HUE\WKHVORSHDQJOHRIݐܽ݊ିଵሺͲǤͷሻ
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DQGFLUFXODU IRRWLQJ WRPRGHO WKHSUREOHPDQGFRPSDUH WKH UHVXOWVZLWK WKHRU\7KH UHVXOWVRI
WKHRU\ZHUHRQJRRGDJUHHPHQWZLWKPRGHOWHVWVDQGDOVRILHOGREVHUYDWLRQV
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0H\HUKRI DQG +DQQD  H[WHQGHG WKH WKHRU\ RI 0H\HUKRI IRU IRXQGDWLRQ XQGHU
LQFOLQHGORDGIRUIRRWLQJVRQVWURQJOD\HURQZHDNVRLODQGYLFHYHUVD7KHHIIHFWVRILQFOLQHGORDG
DQG HFFHQWULF ORDGV ZHUH LQYHVWLJDWHG RQ WKH XOWLPDWH EHDULQJ FDSDFLW\ RI VRLO 7KH IDLOXUH
PHFKDQLVPIRUZHDNVRLORYHUOD\LQJRQVWURQJVRLOZDVDVVXPHGWREHDVODWHUDOO\IDLOLQJE\WKH
DFWRIVTXHH]LQJ)RUWKHFDVHRIVWURQJVRLORQWRSRIZHDNVRLO WKHPHFKDQLVPDVVXPHGWREH














































+DQQD  LQYHVWLJDWHG WKH EHDULQJ FDSDFLW\ RI ORRVH DQG FRPSDFW VDQG RYHUOD\LQJ
GHQVHVDQG7KHVWXG\KDVEHHQFDUULHGRXWIRUERWKFLUFXODUDQGVWULSIRRWLQJ+HH[WHQGHGWKH
WKHRU\RIEHDULQJFDSDFLW\RIKRPRJHQRXVVRLOIRUWZROD\HUHGVDQGVRLO+HUHSUHVHQWHGPRGLILHG
EHDULQJ FDSDFLW\ IDFWRUV DV D IXQFWLRQRI WKH UHODWLYH VWUHQJWKRI WRS DQGERWWRP OD\HU DQG WKH
WKLFNQHVVRIWRSOD\HU$OVRKHSUHVHQWHGWKHGHVLJQFKDUWV









ZDV WR LQYHVWLJDWH WKH IRUPDWLRQ RI IDLOXUH VXUIDFH DQG XOWLPDWH ORDGV LQVWHDG RI ILQGLQJ WKH
VHWWOHPHQWRIIRRWLQJ7KHXOWLPDWHEHDULQJORDGRIDWZROD\HUHGVRLOZDVFDOFXODWHGLQZKLFKWKH
XSSHU OD\HUZDV HLWKHUGHQVH VDQGRU FOD\ DQG WKH ORZHU OD\HUZDV DOZD\V FOD\$OVR EHDULQJ
FDSDFLW\RIDOD\HURIFOD\ZDVLQYHVWLJDWHGDVVXPLQJWKHVKHDUVWUHQJWKRIFOD\LQFUHDVHVOLQHDUO\
E\GHSWK7ZRW\SHRIVPRRWKDQGURXJKIRRWLQJVZHUHVLPXODWHG7KHORDGVDSSOLHGWRWKHVRLOE\
PHDQVRI YHUWLFDO SUHVFULEHGGLVSODFHPHQWV)RU WKH FDVHRI VPRRWK IRRWLQJV WKHQRGHVZKLFK
SUHVFULEHGGLVSODFHPHQWDSSOLHGWRZDVDOORZHGWRPRYHKRUL]RQWDOO\ZKLOHIRUURXJKIRRWLQJVWKH







Figure 2.4. Mesh generation (Griffiths, 1982) 
*ULIILWKVVLPXODWHGKRPRJHQRXVVRLOQXPHULFDOO\DQGFRPSDUHGWKHWKUHHEHDULQJFDSDFLW\
IDFWRUVୡǡ ஓDQG୯WRWKHDQDO\WLFDOVROXWLRQ,WZDVREVHUYHGWKDWE\LQFUHDVHRIIULFWLRQDQJOH











ZDV VORZO\$OVR KH DSSOLHG LQFOLQHG ORDG WR WKH OD\HUHG VRLOZKLFK WKHUHZDV D FRQVLGHUDEOH
GLIIHUHQW EHWZHHQ WKH UHVXOWV RI )(0 DQDO\VLV DQG RWKHU WKHRUHWLFDO VROXWLRQV +H VWXGLHG WKH










Figure 2.5 Finite element mesh (Hanna, 1987) 
'DVKDVFRQGXFWHGH[SHULPHQWDOVWXG\RQEHDULQJFDSDFLW\RIVDQGRYHUOD\LQJVRIW
FOD\ZLWKDQGZLWKRXWWKHSUHVHQFHRIJHRWH[WLOHDWWKHLQWHUIDFHRIWZROD\HUV+HVWDWHGWKDWWKH
























































RI WKHEORFNRQ WKHEHDULQJ FDSDFLW\7RGR WKLV GLIIHUHQWPHWKRGVRI FDOFXODWLQJ VRLO EHDULQJ
FDSDFLW\ZHUHFRQVLGHUHGWRVWXG\WKHHIIHFWRIGLIIHUHQWIDFWRUVDQGUHVXOWVKDYHFRPSDUHGWRWKH
FHQWULIXJH WHVWV 2NDPXUD HW DO  7KH\ FRQFOXGHG WKDW WKH SURMHFWHG DUHD PHWKRG
RYHUHVWLPDWHVWKHEHDULQJFDSDFLW\RIIRRWLQJZLWKRXWHPEHGPHQWHVSHFLDOO\IRUFLUFXODUIRRWLQJ
$OVR DV SURMHFWHG DUHDPHWKRGQHJOHFW WKH VKHDU UHVLVWDQFHRI VDQGERFN LW XQGHUHVWLPDWH WKH
EHDULQJFDSDFLW\RIDIRRWLQJZLWKHPEHGPHQW7KH\VWDWHGWKDW0H\HUKRIDQG+DQQDDQG











Figure 2.6 Failure mechanism by (Okamura, Takemura, & Kimura, 1998) 





























































+XDQJ DQG 4LQ  XWLOL]HG PXOWLULJLGEORFN XSSHUERXQG PHWKRG DQG VRPH
PRGLILFDWLRQ RI)ORUNLHZLF]  WR FDOFXODWH WKH VRLO EHDULQJ FDSDFLW\7KH\ VWDWHG WKDW WKH
EHDULQJFDSDFLW\RIVDQGOD\HURYHUVRIWFOD\VKRZVEHWWHUHVWLPDWLRQWKDQ0LFKDORZVNLDQG6KL
 ,Q DGGLWLRQ WKH\ FODLPHG WKDW WKH WKHRU\ SUHVHQWHG E\+DQQD DQG0H\HUKRI  LV








































ORDGVHWWOHPHQW FKDUDFWHULVWLFVKDYHEHHQ VWXGLHG DQGDQ HTXDWLRQZDVSUHVHQWHG WRSUHGLFW WKH




/RWIL]DGHK DQG .DPDOLDQ  XVHG VWUHVV FKDUDFWHULVWLF OLQHV PHWKRG WR HVWLPDWH
EHDULQJFDSDFLW\RIORRVHVDQGRYHUOD\LQJGHQVHVDQG7KH\SURSRVHGDQDOJRULWKPWRSUHGLFWWKH








VDQG IULFWLRQ DQJOH:KHQGLODWLRQ DQJOH LV VPDOO LW KDV D VLJQLILFDQW LQIOXHQFHRQ WKHEHDULQJ















D JHQHUDO HTXDWLRQ WR FDOFXODWH WKH EHDULQJ FDSDFLW\ :KHUHDV WKH OLPLW HTXLOLEULXP DQDO\VLV
SURYLGHVEHDULQJFDSDFLW\HTXDWLRQVIRUWZROD\HUHGVRLOV

























































KRUL]RQWDO DQG YHUWLFDO GLUHFWLRQV DQG IRU WZR VLGHV DUH IL[HG LQ KRUL]RQWDO GLUHFWLRQ 7KH
HPEHGPHQWGHSWKRIWKHVRLOLVDVVXPHGWREH]HUR6LQFHWKHVRLOPRGHOLVV\PPHWULFDODKDOIRI











OHQJWK KDV WR EH HTXDO WR ]HURZKLFK LV LPSOHPHQWHG E\ XVLQJ D WZRGLPHQVLRQDO SODQH VWUDLQ




Figure 3.2 Two-dimensional axisymmetric soil model  
,QWKHILQLWHHOHPHQWDQDO\VLVWKHHOHPHQWVDUHDVVXPHGWREHQRGHWULDQJXODUHOHPHQWV
7KLVHOHPHQWW\SHLVRIWHQUHFRPPHQGHGIRUWKHFDVHRIV\PPHWULFPRGHOVVLQFHLWSURYLGHVPRUH























ERXQGDU\ FRQGLWLRQ 7KH YHUWLFDO GLVSODFHPHQW LV DSSOLHG WR WKH VRLO HOHPHQWV XQGHUQHDWK WKH
IRRWLQJ'XULQJWKHFDOFXODWLRQSURFHVVWKHGLVSODFHPHQWRIWKHVRLOHOHPHQWVLQFUHDVHVJUDGXDOO\




GLVSODFHPHQWERXQGDU\FRQGLWLRQGHVFHQGXQLIRUPO\DQG VLPXOWDQHRXVO\ZKLFK VLPXODWHV ULJLG
















EHFORVH WR WKH IRRWLQJ WKH\ZRXOGNHHS WKH VRLO IURPVHWWOHPHQW7KHSUHYHQWLRQRI VRLO IURP
VHWWOHPHQWZRXOGUHVXOWLQDQH[WUDUHVLVWDQFHRIVRLOXQGHUYHUWLFDOORDGVZKLFKHYHQWXDOO\OHDGVWR
RYHUHVWLPDWLRQ RI EHDULQJ FDSDFLW\ RI VRLO2Q WKH RWKHU KDQG WKH KRUL]RQWDO ERXQGDU\ RQ WKH
ERWWRPRIWKHPRGHOKDVWREHGLVWDQWIURPWKHIRRWLQJ,WFDQEHVDLGWKDWWKHERWWRPERXQGDU\
ZRXOGKDYHWKHVDPHEHKDYLRUDVEHGURFN7KHPRUHWKHERWWRPERXQGDU\LVQHDUWRWKHIRRWLQJ
WKHPRUHYHUWLFDO VXSSRUW LWSURYLGHV+HQFHGHWHUPLQDWLRQRI WKH OHQJWKDQGGHSWKRI WKH VRLO
PRGHOZLWKUHJDUGWRWKHIRRWLQJZLGWKKDVDUHPDUNDEOHLPSDFWRQWKHDFFXUDF\RIWKHEHDULQJ
FDSDFLW\FDOFXODWLRQ


















 N3D WKH HODVWLF PRGXOXV LV DVVXPHG ZLWK UHJDUG WR (0 $UP\  DQG
GLODWDQF\IDFWRULVDVVXPHGDFFRUGLQJWR%ROWRQ
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WKH SUREOHPQHHGV WKH SURSHU XVDJH RI QXPHULFDOPHWKRG DQG WKH FRUUHFW LQWHUSUHWDWLRQ RI WKH
UHVXOWV 7KH )(0PHWKRGRORJ\ WR VROYH WKH SUREOHPV LV WR GLVFUHWL]H D FRQWLQXXP LQWR ILQLWH




























RQPHVK HOHPHQW VL]H WR UHGXFH WKHQXPHULFDO FDOFXODWLRQ HUURUV%\ WKLVPHDQV WKH RSWLPXP



















 HOHPHQWV GRHVQ¶W DIIHFW WKH YHUWLFDO VWUHVVHV ,Q WKH SUHVHQW VWXG\ WKHPHVK UHILQHPHQW LV
FDUULHGRXWIRUDOOWKHVLPXODWLRQVWRHQVXUHWKHPHVKHOHPHQWVL]HZLOOQRWLQIOXHQFHWKHUHVXOWV
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7DEOH  VKRZV WKH SURSHUWLHV RIPHVK HOHPHQWV IRU HDFK VRLO W\SHZKHQ UHILQHPHQW LV
FRQGXFWHGRQWKHPRGHO
Table 2 Mesh element properties  
6RLO7\SH (OHPHQW3URSHUWLHV 0RGHO 0RGHO 0RGHO
/RRVHVDQG
1RRIVRLOHOHPHQWV   
1RRIQRGHV   
$YHUDJHHOHPHQWVL]HP   
0HGLXPVDQG
1RRIVRLOHOHPHQWV   
1RRIQRGHV   
$YHUDJHHOHPHQWVL]HP   
'HQVHVDQG
1RRIVRLOHOHPHQWV   
1RRIQRGHV   
$YHUDJHHOHPHQWVL]HP   

)LJXUHV  WR  LOOXVWUDWH WKH HIIHFW RI PHVK UHILQHPHQW RQ EHDULQJ FDSDFLW\ RI
KRPRJHQRXVORRVHPHGLXPDQGGHQVHVDQGVRLO

































Figure 3.12 Bearing capacity vs Number of elements for medium sand 

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/RRVH6DQG     
0HGLXP6DQG     
'HQVH6DQG     

7KHGLODWDQF\IDFWRU߰ LVDVVXPHGEDVHGRQWKHHTXDWLRQUHSUHVHQWHGE\%ROWRQ+H
HVWDEOLVKHGD UHODWLRQVKLSEHWZHHQVRLO IULFWLRQDQJOHDQGGLODWDQF\DQJOHZKLFK LVXVHG LQ WKLV
VWXG\WRGHWHUPLQHWKHYDOXHRI߰SDUDPHWHU
߰ ൌ ߶ െ ͵Ͳఖ
7KHQXPHULFDOUHVXOWVDUHFRPSDUHGWRDQDO\WLFDOVROXWLRQVDQGLVSUHVHQWHGLQWDEOH7KH
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YDOXH LQ ZKLFK WKH EHDULQJ FDSDFLW\ UHPDLQV FRQVWDQW $IWHUZDUGV WKH QXPHULFDO UHVXOWV DUH
FRPSDUHGWRWKHH[SHULPHQWDOGDWDDQDO\WLFDOVROXWLRQVDQGQXPHULFDOVWXGLHV,QWKHSUHVHQWVWXG\

















WKH IULFWLRQ DQJOH RI XSSHU OD\HU LV YDULHG IURP  WR  GHJUHHV 7KHUHDIWHU WKH IRRWLQJ LV
HPEHGGHG LQ WKH GHSWK HTXDO WR % 7ZR QXPHULFDO PRGHOV DUH GHYHORSHG DQG WKH UHVXOWV DUH
FRPSDUHG
)LJXUHVKRZVWKHSUHVVXUHVHWWOHPHQWFXUYHLWLVFDOOHGORDGVHWWOHPHQWFXUYHLQWKLV
VWXG\ IRUGHQVHVDQG߮ ൌ ͶͲιXQGHUODLQE\ ORRVHVDQG߮ ൌ ͵Ͳι$V WKH WKLFNQHVVRIGHQVH
OD\HU LQFUHDVHV WKH ORDGVHWWOHPHQW FXUYHVEHFRPHQRWSHUIHFWO\SODVWLF7KH UHDVRQ LV WKDW IRU
SXUHO\ VDQG\ VRLO ZLWKRXW FRKHVLRQ WKH QXPHULFDO FRQYHUJHQFH LV GLIILFXOW HVSHFLDOO\ IRU KLJK
YDOXHVRIIULFWLRQDQJOH,WLVQXPHULFDOO\WURXEOHVRPHWRUHGLVWULEXWHWKHXQEDODQFHGIRUFHVZKHQ
FROODSVHRFFXUVDQGWKHVWLIIQHVVRIV\VWHPWXUQVWR]HUR7RUHGLVWULEXWHDQ\XQEDODQFHGIRUFHVDQG





















































OD\HU WKH OHVV VHWWOHPHQW RFFXUV ZKHQ VRLO FROODSVHV 7R FODULI\ WKH FRQFHSW DVVXPH WKDW WKH






)RUPHGLXPVDQG߮ ൌ ͵ͷιRYHUOD\LQJORRVHVDQG߮ ൌ ͵ͲιWKHORDGVHWWOHPHQWFXUYHV
DUH SUHVHQWHG LQ )LJXUH  $ VLPLODU WUHQG FDQ EH QRWLFHG IRU WKH ORDGVHWWOHPHQW FXUYHV RI
PHGLXPVDQGRYHUOD\LQJORRVHVDQG%\LQFUHDVLQJWKHXSSHUOD\HUWKLFNQHVVWKHEHDULQJFDSDFLW\



















































































































VWUHQJWKIURPORRVHVDQG߮ ൌ ͵ͲιWRYHU\GHQVHVDQG߮ ൌ Ͷͺι,WFDQEHVDLGWKDWWKHHIIHFWLYH
WKLFNQHVVRIXSSHUORRVHWRPHGLXPVDQG߮ ൌ ͵Ͳιݐ݋͵ͷιLVDOPRVWDQGIRUXSSHUPHGLXPWR
GHQVH VDQG ߮ ൌ ͵ͷιݐ݋ͶͲι LV DOPRVW  )RU GHQVH VDQGZLWK IULFWLRQ DQJOH LQ EHWZHHQ ߮ ൌ
ͶͲιݐ݋ͶͶιLVDSSUR[LPDWHO\%DQGIRUYHU\GHQVHVDQG߮ ൌ Ͷ͸ιݐ݋ͶͺιLV%
7RVWXG\WKHHIIHFWRIHPEHGPHQWGHSWKRQWKHEHDULQJFDSDFLW\WZRQXPHULFDOPRGHOVDUH














































































































7KH EHDULQJ FDSDFLW\ IURP QXPHULFDO PRGHO LV FRPSDUHG WR WKH H[SHULPHQWDO VWXGLHV
FRQGXFWHGE\+DQQDDQG&DUWHU+DQQDFDUULHGRXWDQH[SHULPHQWDOVWXG\WR
LQYHVWLJDWHGWKHEHDULQJFDSDFLW\RIGHQVHVDQG߮ଵ ൌ Ͷ͹Ǥ͹ιXQGHUOLQHVE\ORRVHVDQG߮ଶ ൌ ͵Ͷι
)LJXUHGLVSOD\V WKHGLIIHUHQFHVEHWZHHQ WKH UHVXOWVRI WKHFXUUHQWQXPHULFDOPRGHODQG WKH
H[SHULPHQW

Figure 4.9. Test results vs experimental study conducted by (Hanna, 1981) 

,W FDQ EH VHHQ WKDW IRU WZR OD\HUHG VRLO WKH REWDLQHG EHDULQJ FDSDFLW\ IURP QXPHULFDO
DQDO\VLVLVPRUHWKDQH[SHULPHQWDOGDWDZKHQWKHWKLFNQHVVRIGHQVHVDQGLVOHVVWKDQ%,Q
DGGLWLRQ JHQHUDO VKHDU IDLOXUH RFFXUV DW +% UDWLRPRUH WKDQ DOPRVW  7KH QXPHULFDOPRGHO
XQGHUHVWLPDWHVWKHEHDULQJFDSDFLW\ZKHQJHQHUDOVKHDUIDLOXUHRFFXUV7KHUHDVRQPLJKWEHWKH
IDFWWKDWIRUIULFWLRQDQJOHDOPRVWHTXDOWRGHJUHHVWKHQXPHULFDOFRQYHUJHQFHLVYHU\GLIILFXOW











































HTXLOLEULXPPHWKRGV $V GLVFXVVHG LQ WKH OLWHUDWXUH WKH PRVW FRPPRQ FODVVLFDO HTXDWLRQV RI
FDOFXODWLQJWKHEHDULQJFDSDFLW\RIWZROD\HUHGVRLOZKLFKDUHEDVHGRQOLPLWHTXLOLEULXPPHWKRG
FRQVLVWRISURMHFWHGDUHDPHWKRG3$0ZHLJKWHGDYHUDJHPHWKRGDQGSXQFKLQJVKHDUPHWKRG
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WKH WKLFNQHVVRIXSSHU OD\HU WKHOHVVVHWWOHPHQWRFFXUVDW IDLOXUH7KLVIDFW LVDQDGYDQWDJH
ZKHQWKHDOORZDEOHEHDULQJFDSDFLW\LVFDOFXODWHGEDVHGRQVHWWOHPHQWUHVWULFWLRQ







RWKHU PHWKRGV 1HYHUWKHOHVV IRU WRS OD\HU ZLWK IULFWLRQ DQJOH PRUH WKDQ  GHJUHHV WKH





 )RUHPEHGGHGIRRWLQJVRIG%  WKHQXPHULFDOPRGHOVKRZVDYHU\JRRGDJUHHPHQWZLWK
+DQQD¶VHTXDWLRQVXFKWKDW IRUPRVWFDVHV WKHGLIIHUHQFH LV OHVV WKDQ)RUG%  WKH




SUHVHQWHG E\ %RZOHV  RYHUHVWLPDWHV WKH EHDULQJ FDSDFLW\ DQG WKH SURMHFWHG DUHD
PHWKRGV <DPDJXFKL  0\VOLYHF 	 .\VHOD  .UDIW 	 +HOIULFK 
XQGHUHVWLPDWHVLW
7KHHTXDWLRQSUHVHQWHGE\*KD]DYL	(JKEDOIRUVRPHFDVHVSURYLGHVXQVDIHEHDULQJ
FDSDFLW\ HVWLPDWLRQ LQ ZKLFK WKH FDOFXODWHG EHDULQJ FDSDFLW\ LV DOPRVW WZLFH WKH EHDULQJ
FDSDFLW\IURP+DQQD¶VHTXDWLRQ
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